Abstract We selected 457 blazars (193 flat spectrum radio quasars, 61 lowsynchrotron peaked blazars, 69 intermediate-synchrotron peaked blazars and 134 high-synchrotron peaked blazars) from the second Fermi-LAT catalog (2FGL) of γ-ray sources, which have X-ray observations. We calculated the lower limits for their Doppler factors, δ γ , and compared the lower limits with the available Doppler factors and the apparent superluminal velocities in the literature.
INTRODUCTION
Blazars represent a very special subclass of active galactic nuclei (AGNs) with luminous brightness, rapid and high amplitude variability, high and variable polarization, superluminal motion, strong γ-ray emission, etc (Fan et al. 2013 , and references therein). In turn, blazars can be divided into two subclasses, namely flat spectrum radio quasars (FSRQs) and BL Lacertae objects (BL Lacs). The main difference between the two subclasses is the fact that FSRQs feature strong emission lines, while BL Lacs have only weak lines or no lines at all. Taking into account many inputs from different surveys, BL Lacs are also subdivided into radio-selected BL Lacertae objects (RBLs) and X-ray selected BL Lacertae objects (XBLs) while, by inspecting the behavior of their spectral energy distributions (SEDs), BL Lacs are also classified as high-energy cutoff BL Lacs (HBLs) or lowenergy cutoff BL Lacs (LBLs) (Padovani & Giommi 1995) . Quite generally, RBLs correspond to LBLs while XBLs correspond to HBLs. Actually, there is no continuous solution between LBLs and HBLs, so a third, intermediate class (IBLs) was introduced by Nieppola et al. (2006) .
Despite starting with the missions SAS-2 (1972 -73 Fichtel et al. 1975 and COS-B (1975 -82 Swanenburg et al. 1981 ) that had limited abilities, gamma-ray astronomy had a real boost with the Energetic Gamma Ray Experiment Telescope (EGRET), outfitting the satellite Compton GammaRay Observatory (CGRO) , that detected many γ-ray sources (Hartman et al. 1999) . The γ-ray emissions in the γ-ray loud blazars were investigated and found to be strongly beamed by the correlations between the emissions in γ-rays and those at lower energy bands (Dondi & Ghisellini 1995; Xie et al. 1997; Fan et al. 1998; Huang et al. 1999; Cheng et al. 2000) . The γ-ray emissions have also been used to estimate beaming factors (Doppler factors) for some γ-ray loud sources (see examples in Mattox et al. 1993; von Montigny et al. 1995; Cheng et al. 1999; Fan et al. 1999; Fan 2005) . Very recently, following the work by Mattox et al. (1993) , the lower limits of the Doppler factors were evaluated for a sample of 138 Fermi blazars by assuming a timescale of one day (Fan et al. 2013) . It is clear that the Doppler factors are important for the discussions of the emissions in blazars.
After EGRET followed the Large Area Telescope (LAT) onboard the satellite Fermi, currently the latest generation of γ-ray detectors in space. Thanks to the LAT, many new blazars are now observed at γ-ray energies (Abdo et al. 2010a; Ackermann et al. 2011; Nolan et al. 2012) . The picture that is emerging is that blazar emissions can reach high energies and are extremely variable. The majority of blazars detected by Fermi are variable with high significance, with the variation amplitudes for FSRQs, low-synchrotron peaked blazars (LSPs) and intermediate-synchrotron peaked blazars (ISPs) being larger (Abdo et al. 2010d) . Many characteristics of blazars may only be correctly interpreted in a multi-wavelength framework, and, among others, we found the Roma BZCAT (http://www.asdc.asi.it/bzcat/) to be a very valuable source of information (see Massaro et al. 2011 ). In addition, we used the second Fermi-LAT catalog of sources, the so-called 2FGL (Nolan et al. 2012) . For many reasons, Fermi-LAT blazars are better described mirroring the division into the classes described above that used the position of the synchrotron peak (the subclasses named HBL, IBL and LBL). Extending the classes to embrace all types of AGNs that are dominated by nonthermal emission (see Abdo et al. 2010c , for some scientific advantages), we are led to three new sub-classes: high-, intermediate-and low-synchrotron peaked blazars (HSPs, ISPs and LSPs, respectively). The 2FGL catalog follows this classification, and we also employ it throughout this paper.
Browsing the two catalogs, we can compile a sample of 457 LAT γ-ray blazars that have available X-ray data. The present sample is greater than the previous sample (Fan et al. 2013) . It is interesting to estimate the γ-ray Doppler factors for those blazars. To do so, we still follow the work by Mattox et al. (1993) as we did in Fan et al. (2013) . This work is arranged as follows. We will estimate the Doppler factors for those blazars in Section 2. In Section 3, we will discuss the results. In Section 4, we will draw a brief conclusion. Throughout the paper, we adopt H 0 = 73 km s −1 Mpc −1 , and we define the spectral index, α, in such a way that the SED is f ν ∝ ν −α .
SAMPLE AND RESULTS

Lower Limit of the Doppler Factor
The particular observational properties of blazars can be explained by a relativistic beaming model. The high-energy γ-rays detected from blazars imply the existence of the beaming effect in those sources, otherwise the γ-rays should have been absorbed due to pair-production on collision with the lower-energy photons populating the region. Following Mattox et al. (1993) , we assume that:
-X-rays are produced in the same region as γ rays, and that when γ rays are observed, X-ray and γ-ray intensities are similar; -the emission region is spherical; -the emission is isotropic, and the size of the emission region is constrained by the timescale of the time variations, ∆T , to be R = cδ∆T /(1 + z), where c is the speed of light, δ is a Doppler factor and z is the redshift.
Then we can obtain the optical depth for the pair-production. If we assume that the optical depth does not exceed unity as it did in Mattox et al. (1993) , then the lower limit of the Doppler factor, δ, Doppler Factors for Blazars   1137 can be expressed by (Fan et al. 2013) δ ≥ 1.54 × 10
where α is the X-ray spectral index, ∆T is the timescale in units of hour, F keV is the flux density at 1 keV in units of µJy, E γ is the energy, at which the γ-rays are detected, in units of GeV, while d L is the luminosity distance in units of Mpc, which can be expressed in the form
from the Λ-CDM model (Capelo & Natarajan 2007) with Ω Λ 0.7, Ω M 0.3 and Ω K 0.0, c is the speed of light, H 0 is the Hubble constant and z is the redshift.
Sample
Based on the 2FGL catalog and the Roma BZCAT (http://www.asdc.asi.it/bzcat/) (see Massaro et al. 2011) , we compiled the available X-ray data from the literature for 457 Fermi blazars (193 FSRQs, 61 LBLs, 69 IBLs and 134 HBLs) , and listed them in Table 1 (the full Table 1 is available in the online version). : Urry et al. (1996) 
Calculations
To estimate the lower limit of δ, one should know the redshift z, the X-ray behavior that is characterized by the spectral index α X and the flux density F keV , the behavior in gamma rays that is characterized by the average energy in gamma rays E γ , and the timescale of the variations ∆T .
In our calculation, we used an averaged redshift value, z = 0.765, for the sources with unknown redshifts, and an averaged photon spectral index, Γ = 2.13, for the sources without a sound evaluation of the X-ray spectral index. The average energy E γ can be calculated by E = EdN / dN . As for the timescale ∆T , it is not available for most sources, but ranges from < 2 h to 12 h (e.g. Foschini et al. (2011) and references therein). If, for the sake of simplicity, we take ∆T = 6 h for our calculation, the lower limit of the γ-ray Doppler factor can be estimated and the value is listed in Column (12) 
DISCUSSION
The LAT, onboard Fermi, has detected a lot of blazars (see 1FGL, Abdo et al. 2010a, and 2FGL, Nolan et al. 2012) , which provide us with a good opportunity to investigate the emission mechanism and the beaming effects in the γ-ray band. As we discussed in our previous work (Fan et al. 2013) , the γ-ray emission is mainly due to soft photons upscattered by Inverse Compton onto relativistic electrons, or to synchrotron emission/pion decay of secondary particles produced in a proton-induced cascade (Mannheim & Biermann 1992; Mannheim 1993; Cheng & Ding 1994) . The relativistic beaming effect plays an important role in the γ-ray emissions; in particular, for blazars detected by Fermi, Arshakian et al. (2012) found that the γ-ray luminosity is correlated with both radio and optical bands. The correlation between the γ-ray and the radio, log L VLBA = (0.83 ± 0.03) log L γ + (5.96 ± 0.26), holds at a high confidence level (p > 99.9%). The γ-ray flux closely correlates with the parsec-scale radio emissions Kovalev 2009 ). Pushkarev et al. (2010) found that γ-ray and radio emissions are correlated, but with γ-ray leading radio mostly by 1.2 months, and explained this time delay in terms of the synchrotron opacity. Fan et al. (2009) found that, for sources detected by Fermi, the γ-ray luminosity correlates well with the radio Doppler factor log νL ν = (0.47 ± 0.19) log δ 3+α R + 45.44 ± 0.68. In addition, the jets of Fermi blazars have higher-than-average apparent speeds and a higher variability in Doppler factors (Lister et al. 2009a ). Savolainen et al. (2010) estimated the Doppler factors for 62 superluminal AGNs, and calculated their Lorentz factor and viewing angles. They found that the Fermi blazars have, on average, higher Doppler factors, δ = 17.1 ± 1.6, with respect to non-Fermi blazars, δ = 12.2 ± 1.2 and have a narrower distribution for the viewing angles, typically in the range of 1 Hovatta et al. (2010) found that when the sources are detected by Fermi-LAT, they are in a higher polarization state. The brightness temperatures of sources detected by Fermi-LAT are higher than those of sources that are not detected by Fermi-LAT (Kovalev 2009 ). This difference can be explained by the beaming effect Lister & Homan 2005; Lister et al. 2009a; Savolainen et al. 2010 ). However, the beaming effect is mostly investigated using the Doppler factor determined from radio emissions (Ghisellini et al. 1993; Lähteenmäki & Valtaoja 1999; Fan et al. 2009; Hovatta et al. 2009; Lister et al. 2009a; Savolainen et al. 2010) . It is possible that the radio Doppler factors, δ R , are not the same as the ones determined in γ-rays, δ γ .
Observations suggest that the γ-ray loud blazars are variable on timescales of hours although there is no preferred scale for the variation time of any source. For example, LAT detected a ∼12-hour variability timescale for PKS 1454−354 (Abdo et al. 2009 ), a doubling time of roughly 4 h for PKS 1502+105 (Abdo et al. 2010b) , and timescales as short as 2-3 h were detected in 3C 454.3, 3C 273, PKS 1510+089 and PKS B1222+216 (Ackermann et al. 2010; Foschini et al. 2011; Tavecchio et al. 2010 ). Short timescales were also detected by EGRET, like the doubling times of about 4 h for PKS 1622−297 (Mattox et al. 1997) , and ∼ 8 h for 3C 279 (Wehrle et al. 1998) . The timescales for those sources are in the range of 2 h to 12 h with an average value of about 5 h. The observed short timescales may be due to relativistic beaming Arshakian et al. 2010; Savolainen et al. 2010; Pushkarev et al. 2010) . In the present paper, we calculated the γ-ray Doppler factors for the Fermi-LAT detected sources with available X-ray data by adopting a variability timescale of ∆T = 1/4 d, which is roughly 5 h. If a variability timescale of ∆T = 1 d is adopted in the calculation as done in Ghisellini et al. (1998) , the resulting Doppler factor will be slightly smaller than that for ∆T = 6 h, namely δ 1d ∼ 0.744δ 6 h + 0.355. The γ-ray Doppler factors, δ 1d γ , corresponding to 1 d, are listed in Column (13) in Table 1 .
For cross-checking, we compared our results for the two sources (1633+382 and 3C 279) with those by Mattox et al. (1993) in our previous work (Fan et al. 2013) . Because the distance used in the present work is different from the one used in Mattox et al. (1993) , the Doppler factor estimated in our work is slightly greater. We can also compare the obtained γ-ray Doppler factor (δ γ ) with the available Doppler factors in the literature. Other Name Class δ There are 24 sources in common with Huang et al. (1999) ; 49 in common with Fan et al. (2009) ; 54 in common with Hovatta et al. (2009) , out of which three (PKS 0422+00, δ R = 1.7; S4 0814+42, δ R = 4.6; 4C+55.17, δ R = 4.63) are from Lähteenmäki & Valtaoja (1999) , and the two evaluations of the Doppler factors are related by δ γ = (0.40 ± 0.10)δ H09 R + (3.56 ± 1.60) with a correlation coefficient r = 0.47 and a chance probability of p = 3.41 × 10 −4 ; 42 in common with the sample by Savolainen et al. (2010) ; 19 in common with Zhang et al. (2012) and 16 in common with Zhang et al. (2013) . All plots that show comparisons are displayed in Figure 1 .
It is clear that there are some discrepancies between the derived values in the present work and those from the literature. The reasons may be due to the facts that (1) the derived value is a lower value, and (2) the timescale of ∆T = 6 h used here is smaller than the real timescale for the sources whose derived values are above the line, and it is larger than the real timescale for the sources whose derived values are below the line. In addition, the non-simultaneous observations will also result in some discrepancies.
As noticed by von Montigny et al. (1995) the γ-ray loud blazars also show superluminal motions. From the available literature, we can compile the superluminal velocities for some sources of the present sample and show them in Table 3 ; the superluminal velocities are from the papers by Britzen et al. (2008) [B08], Hovatta et al. (2009) [H09], Karouzos et al. (2011) [K11], Lister et al. (2009a,b) [L09a, L09b] and Savolainen et al. (2010) [S10].
We can find that the estimated Doppler factors increase with the superluminal velocities as shown in Figure 2 . This association suggests that the γ-ray emissions are strongly beamed.
In the present sample, 15 sources have an averaged energy higher than 10 GeV. For those sources, two sources (2FGLJ1351+1115 and 2FGLJ2055.4-0023) have UV observations (Atlee & Gould 2007 ). The UV radiations should collide with the higher energetic γ-ray photons to produce pairs. Following the consideration by Mattox et al. (1993) , we can derive an analogous result for the relativistic beaming effect by considering the UV radiations. Assuming the UV photons have the same flux as the 1 keV photons, then the UV photon flux density at about 2×10 15 GHz should be 1keV × 1 µJy/ν UV ∼ 0.1 mJy. Then the lower limit of the Doppler factor can be expressed as
where F U V is the UV flux density in units of mJy. For the two sources (2FGLJ1351+1115 and 2FGLJ2055.4-0023), their flux densities are (2.36 ± 0.63) × 10 −2 mJy and (7.05 ± 0.584) × 10 −2 mJy at 1.96 × 10 15 GHz and 1.32 × 10 15 GHz respectively for 2FGLJ1351+1115, and (6.14±0.17)×10
−2 mJy and (10.0±0.01)×10 −2 mJy at 1.96×10 15 GHz and 1.32×10 15 GHz respectively for 2FGLJ2055.4-0023 (Atlee & Gould 2007) . We can obtain their spectral indexes to be 2.77 and 1.23 for 2FGLJ1351+1115 and 2FGLJ2055.4-0023. When relation (3) is adopted for the two sources, in the case of ∆T = 6 h, we have δ γ ≥ 7.41 and δ γ ≥ 9.87 for 2FGLJ1351+1115 and 2FGLJ2055.4-0023; in the case of ∆T = 24 h, we have δ γ ≥ 6.41 and δ γ ≥ 7.96 for 2FGLJ1351+1115 and 2FGLJ2055.4-0023. The Doppler factors obtained based on the X-ray data, in the case of ∆T = 6 h, are δ γ ≥ 8.39 and δ γ ≥ 9.92 for 2FGLJ1351+1115 and 2FGLJ2055.4-0023; in the case of ∆T = 24 h, they are δ γ ≥ 6.75 and δ γ ≥ 7.99 for 2FGLJ1351+1115 and 2FGLJ2055.4-0023. The Doppler factors obtained based on the UV data are quite consistent with those based on the X-ray data for the two sources, see Table 4 . 
